Chitinase [EC 3.2.1.14] is an enzyme that can hydrolyze the -1,4 linkage between N-acetyl-D-glucosamine in chitin. In the genome database of the hyperthermophilic archaeon Pyrococcus furiosus, we found two adjacent genes (PF1233 and PF1234) homologous to those of the chitinase of Thermococcus kodakaraensis. In the cultured medium of P. furiosus, however, no chitinase activity was detected. On analysis of the structural gene of P. furiosus, it appears that one nucleotide insertion in PF1234 caused a frame shift and separated a gene. By deletion of one nucleotide in PF1234, the best match was achieved between chitinases of T. kodakaraenesis and P. furiosus. We succeeded in constructing an artificial recombinant chitinase exhibiting hydrolytic activity toward not only colloidal but also crystalline chitins at high temperature. Furthermore, by analyzing the characteristics of the domains, a recombinant enzyme comprising two domains exhibiting high activity toward crystalline chitin was prepared.
Chitin is the second most abundant polysaccharide in the biomass. N-Acetyl-D-glucosamine (GlcNAc) and its oligosaccharides derived from chitin are expected to be useful as food additives and medicines, 1) but the industrial utilization of chitin on a large scale has not been achieved because there is no enzyme available that hydrolyzes the -1,4 linkage between GlcNAc in crystalline chitin without pretreatment with hydrochloric acid. If such an enzyme becomes readily available, it is expected to be of significant use for the utilization of chitin on an industrial scale. It should also be useful for the elimination and reutilization of large amounts of waste from the food industry.
Chitinase [EC 3.2.1.14] is an enzyme that can hydrolyze the -1,4 linkage between GlcNAc in chitin. The chitinase gene (TK-ChiA) from a hyperthermophilic archaeon, Thermococcus kodakaraensis, has been reported, and its domain structures have been examined. 2) The recombinant enzyme exhibited activity toward colloidal chitin, 3, 4) but activity toward crystalline chitin has not been reported. As part of efforts to find a useful chitinase such as this, we investigated hyperthermostable chitinase genes from hyperthermophilic archaea. In the genome database of Pyrococcus furiosus (http:// gib.genes.nig.ac.jp), two open reading frames (ORFs) homologous to that of the TK-ChiA gene were found. Two adjacent ORFs of P. furiosus (PF1234 and PF1233, separated by 37 bp) 4) are homologous to the first and second halves of TK-ChiA, respectively.
2) Both PF1234 and PF1233 have one catalytic and one chitin binding homologous domain. The stop codon of PF1234 is located in the middle of the putative catalytic domain compared with TK-ChiA. On sequence comparison with TK-ChiA, we found two chitin-binding domains and two catalytic domains in two adjacent ORFs of P. furiosus. The structure of one of the chitin-binding domains has been determined by means of NMR and X-ray (in preparation).
5) Also, a study on the structure-function relationship of this chitin-binding domain is in progress. In the present study, we analyzed the function of the chitinase genes of P. furiosus using crystalline chitin as the substrate.
Materials and Methods
Materials. Powdered -type crystaline chitin of crab shells and -type crystalline chitin of squid were gifts from Sunfive (Tottori, Japan). -and -type chitins are arranged in an antiparallel and parallel fashion of molecular chains, respectively. Colloidal chitin was prepared from -type crystalline chitin according to the method reported previously.
Construction and purification of recombinant chitinases. The genomic DNA of P. furiosus was prepared by the method reported previously. 6) For preparation of the artificial gene (PF-ChiA), one nucleotide, 1006A, of PF1234 was removed by site-directed mutagenesis using PCR, 7) with the two primers (CTC TTT TTT ATC TTC TAA TTC GGC and GAT AAA AAA GAG TAT CTC CTA ACT). From PF-ChiA, four genes for the recombinant enzymes were amplified by PCR using four pairs of primers (AD1: GG GCT AGC ATA ATT AGG ATA ACC ACC CCA AAG G and GG CTC GAG TTA TCC TCC TCC CTA GGC TAT ATG C), (AD2: GG GCT AGC CCT ACG CCA CTT CCT GGG AAT GC and GG CTC GAG TTA TGT TGG AAC ACT AGC TTC GC), (A: GG CTC GAG TTA CAA GTA GTT TGT AGT TGG CTC TGC C and GG CTC GAG TTA TCC TCC TCC CTA GGC TAT ATG C), and (B: GG GCT AGC ACT ACC CCT GTC CCA GTC TCA GG and GG CTC GAG TTA TGT TGG AAC ACT AGC TTC GC). Each amplified gene was inserted into the NcoIXhoI sites of pET21d. pET21d was digested with NcoI, treated with T4 DNA polymerase to obtain blunt ends, and then digested with XhoI. The ligated plasmid was transformed into E. coli XL2-Blue MRF 0 . The plasmids extracted from the colonies obtained were sequenced to confirm identity with the desired sequence of the insert. The constructed and extracted plasmids were used to transform expression host E. coli Rosetta (DE3) (Novagen, Madison, WI).
Using the transformant, induction was carried out with 0.2 mM IPTG in the early-exponential growth phase, followed by incubation overnight at 37 C. After induction, recombinant chitinases were prepared and purified. Cells were then harvested by centrifugation (6;000 Â g for 7 min at 4 C) and then suspended in buffer A (25 mM Tris-HCl [pH 7.5], 1 mM EDTA, 25 mM NaCl). The cells were sonicated, and a supernatant was obtained by centrifugation (13;000 Â g for 15 min at 4 C). The supernatant was incubated at 85 C for 30 min and then centrifuged (13;000 Â g for 15 min at 4 C) to obtain a heat-stable supernatant. The crude supernatant was applied to a Hitrap Q column (Amersham Biosciences, Stokholm, Sweden). Chitinase was eluted with a linear gradient of NaCl (25 mM to 1 M). The peak fractions were brought to 80% saturation with solid ammonium sulfate, followed by standing overnight at 4 C. The suspension was centrifuged (13;000 Â g for 15 min at 4 C), and the resulting precipitate was dissolved in buffer A. The dissolved sample was applied to a gel filtration column of HiLoad 26/60 Superdex200pg (Amersham) equilibrated with buffer A. The peak fractions were concentrated with a CentriPrep YM-10 (Amicon, Lexington, MA). The molecular weights of the recombinant proteins were determined by SDS-PAGE. The protein concentration of the purified chitinase was measured with the Bio-Rad protein assay solution (Bio-Rad, Hercules, CA), using bovine serum albumin as a standard.
Enzyme assay. Chitinase activity was measured with powdered -and -type crystalline chitins as substrates. Chitinase activity was calculated from the absorbance of 584 nm for liberated GlcNAc by means of MorganElson's procedure. 8) Five mg of powdered crystalline chitin and 0.005 mg of chitinase were mixed, and then made up to 500 ml with buffer A. The reaction was started by standing the well-mixed reaction mixtures at 85 C, and every 1 h the reaction was stopped by removing the powdered chitin. Every 1 h during the reaction, 20 ml of the supernatant was removed after centrifugation at 15,000 rpm. Cellulase from Aspergillus niger 2.5 ml, 1% (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and 2.5 ml of 1% cellulase from Trichoderma viride (Wako) were added to the sample, followed by incubation for 1 h at 37 C in order to digest soluble GlcNAc oligomers into monomers. 9) After treatment with cellulases, 5 ml of 0.8 M boric acid (pH 9.1) was added, followed by incubation at 100 C for 5 min. A DMAB solution (150 ml, 1% w/v p-dimethylaminobenzaldehyde in 1.25% v/v 10 N HCl in CH 3 COOH) was added, followed by incubation at 37 C for 20 min. From the absorbance of 584 nm, the enzyme activity was calculated.
Analysis of the GlcNAc oligomer products from the chitins was carried out using HPLC. After the enzyme reaction, the supernatant of the reaction mixtures was loaded onto a Shodex NH2P-50 4E (Showa Denko, Tokyo, Japan) HPLC column and eluted with 70:30 acetonitrile-water at flow rate of 1.0 ml/min. The products were identified with a LC8020 UV detector at 210 nm (Tosoh, Tokyo, Japan).
Results and Discussion
We investigated whether P. furiosus would express chitinase in the culture medium. A recent study 4) showed that P. furiosus can grow in low peptide-based and sulfur-free media containing chitin as the sole carbohydrate source and that two kinds of chitinases were transcribed in P. furiosus cells. We cultured P. furiosus for 24 h by a previous method 10) using the same medium containing tryptone (5 g/l) with and without chitin powder (5 g/l). The chitinase activity of the supernatant was measured with crystalline chitins as substrates, but no significant chitinase activity was detected at 85 C in either culture. The growth of P. furiosus was independent of the amount of chitin in the media. These results indicate that the chitinase of P. furiosus is transcribed under the special condition of low peptide-based and sulfur-free media.
The chitinase gene from a hyperthermophilic archaeon, T. kodakaraensis, has been reported, and its domain structures have been identified. 2, 3) It has been reported that this gene (3,615 nucleotides) produces a hyperthermophilic chitinase (TK-ChiA) composed of two catalytic domains and three substrate-binding domains with linkers connecting these regions. One of the catalytic domains is homologous to the chitinase of Bacillus circulans 11) and the others are homologous to that of Streptomyces erythraeus.
12) The recombinant TK-ChiA exhibited hydrolytic activity toward colloidal chitin at high temperature. 2, 3) In the genome database of P. furiosus (http://gib. genes.nig.ac.jp), two adjacent ORFs (PF1233 and PF1234) homologous to the TK-ChiA gene have been found (Fig. 1) . 4) An SD-like sequence and signal-like peptide were observed for PF1234 but not for PF1233. 2, 4) It was reported that two genes for chitinase were transcribed in P. furiosus cells and that the two recombinant enzymes expressed by E. coli exhibited chitinase activity. 4) But on alignment of the expected translation product of the gene with TK-ChiA, it was clarified that the stop codon of PF1234 was located in the putative catalytic domain speculated from the sequence of TK-ChiA, 2, 4) and that two ORFs (PF1233 and PF1234) were joined by deletion of a nucleotide, 1006A (Fig. 1) . Figure 2 shows the artificial full frame of the chitinase sequence (PF-ChiA) of P. furiosus constructed from PF1233 and PF1234 by deletion of 1006A, and the sequence homology between TK-ChiA and PF-ChiA. From a comparison of PF-ChiA and TKChiA, it is clear that TK-ChiA comprises two catalytic domains (ADs) and three chitin binding domains (CBDs), and that PF-ChiA comprises two catalytic domains AD1 (residues from 180 to 539) and AD2 (residues from 772 to 1060) and two chitin-binding domains CBD1 (residues from 70 to 130) and CBD2 (residues from 621 to 701) (Fig. 2) .
The artificial full frame of the chitinase (PF-ChiA) was amplified by PCR and the recombinant enzyme was expressed with E. coli, by the method described above. The recombinant enzyme exhibited chitinase activity toward colloidal chitin. 13) On analysis of the structural gene of PF-ChiA, four kinds (AD1, AD2, A, and B) of recombinant chitinase genes were newly prepared (Fig. 3) . A (residues from 70 to 539) and B (residues from 621 to 1060) comprised CBD1 and AD1, and CBD2 and AD2, respectively (Fig. 2, 3) . PF-ChiA and these four recombinant enzymes were prepared and purified by the method described above.
-type crystalline chitin is the most abundant and stable chitin in nature. 1) Hence, estimation of chitinase activity toward -type crystalline chitin is important for industrial use. The activities of the recombinant enzymes toward the crystalline chitins were examined. The optimum pH and temperature of the recombinant enzymes were determined to be 6.0-7.5 and over 90 C. From HPLC analysis of the products, monomer and dimer GlcNAc was observed as the product of the recombinant enzymes. The monomer/dimer molar ratio was determined to be about 1. During the enzyme reaction, no other oligomer products were observed. Dimer GlcNAc was not hydrolyzed by the enzymes.
These results suggest that the action pattern of the recombinant enzymes is exo-type, but there is a slight possibility that it is endo-type with strong multiple attack action. 14) Detailed analysis of the action pattern is in progress. Figure 4 shows the activity of PF-ChiA toward -and -type crystalline chitin. The activity was determined to be released GlcNAc by the method described above. The observed activity for -type crystalline chitin was similar to that for -type crystalline chitins. The other recombinant enzymes also exhibited activity toward crystalline chitins at high temperatures. The specific activities of the recombinant enzymes toward -type crystalline chitin are shown in Table 1 .
It has been reported that PF1234 and PF1233 code chitinases ChiA and ChiB respectively, and that the activities of the recombinant enzymes toward crystalline chitin were determined to be 0.01-0.07 (mmol/mg protein/min) by measuring the released reducing end of chitin substrate without cellulase. 4) From the analysis of the products by our recombinant enzymes, the estimation of the activity of our recombinant enzymes by the previous method 4) converts the values in Table 1 to decreased values (about 60-70%), but the reported activities of the recombinant enzymes (ChiA and ChiB) 4) were much less than those of our recombinant enzymes. The activities of the catalytic domains (AD1 and AD2) were improved by adding chitin binding domains (CBD1 and CBD2) ( Table 1) . B exhibited the highest activity among the other recombinant enzymes ( Table 1 ). CBD2 also demonstrated a similar effect for the improvement of endoglucanase (family 5). 14) Similar activities of the recombinant enzymes toward -type crystalline chitin were observed (data not shown). Figure 5 shows pictures of chitins dissolved by enzyme B. Colloidal chitin and -type crystalline chitin were dissolved completely after 3 h of incubation at 85 C. For -type crystalline chitin, the crystal part was dissolved to a considerable extent, but some crystal remained. It has been reported that chitinases from Bacillus circulans and Searratia marcescens exhibited activities toward crystalline -type chitin microfibrils. 15, 16) The activities were determined by measuring the released reducing end of chitin substrate without cellulase 15, 16) and were estimated to be about 1-6 (mmol/mg protein/min), but high chitinase activity toward -type crystalline chitin has not been reported to date. These recombinant enzymes are expected to be useful for the industrial hydrolysis of crystalline chitin for the production of chitin oligomers, as well as for the elimination and reutilization of large amounts of food waste. 1) Many chitinases and their genes from eucarya and bacteria have been investigated. At present, only two chitinases have been discovered, from the hyperthermophilic archaea T. chitonophagus and T. kodakaraensis.
1)
This newly constructed chitinase contains unique struc- The activities were determined as the amounts of released GlcNAc, as described in ''Materials and Methods.'' The reaction was carried out at 85 C. The concentration of -and -type crystalline chitins used in the reaction was 1.0 mg/ml. The concentrations of PF-ChiA used in the reaction were 0 mg/ml (cross), 1.25 mg/ml (closed circle), 2.5 mg/ml (closed triangle), and 7.25 mg/ml (closed square). -type crystalline chitin (0.5 ml, 10 mg/ml) solution was incubated with recombinant chitinases (0.01 mg/ml) in 25 mM Tris-HCl buffer (pH 7.5) at 85 C. The activities were determined as the amount of released GlcNAc, as described in ''Materials and Methods.'' See Fig. 3 for the construction of the enzyme derivatives. 17, 18) but no chitinase with two catalytic domains has yet been found, except for TK-ChiA. The structure of PF-ChiA is considered to be unique among known bacterial and eucaryal chitinases. The result that no significant chitinase activity was detected in our culture condition of P. furiosus indicates that the two native separated genes exhibiting some homology to the chitinase of T. kodakaraensis are acting as chitinase in P. furiosus cells under the special condition of low peptide-based media, 4) but the high activity of the recombinant chitinase by deletion of one nucleotide in PF1234 suggests that chitinase is not important for the growth of P. furiosus. A frame shift in the gene may have occurred during the evolutional process in P. furiosus. At present, the reasons a frame shift occurred in P. furiousus chitinase are unknown.
